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Within South Africa, millions of rands in revenue are generated annually from the export of
fruit produce. Citrus fruits are exported mostly to the U.S.A., South Korea and China. These
countries have strict biosecurity laws in place which prohibit the import of specific problem
insects, including several species of mealybug (Hemiptera: Pseudococcidae). Although the
adult females for most species of mealybug are routinely identified through morphological
keys, eggs and nymphs (crawlers) are more problematic. As such, export consignments are
regularly refused based on the presence of unidentifiable mealybug nymphs or eggs. The
aim of this paper is to report an easy, user-friendly molecular laboratory technique
to accurately identify mealybug eggs and crawlers to species level. We amplified and
sequenced a 749 bp portion of the mitochondrial DNA cytochrome oxidase subunit one
(COI) gene. Phylogenetic trees indicated that the five species included here (Planococcus citri
(Risso), Paracoccus burnerae (Brain), Pseudococcus longispinus (Targioni-Tozzetti), Ps. calceolariae
(Maskell) and Ps. viburni (Signoret)) are reciprocally monophyletic and follow the 10× rule
where sequence divergences separating species are an order of magnitude larger than
divergences within species. As such, DNA can be extracted from eggs, crawlers or adults;
analysed and compared with reference data, and unequivocally assigned to one of the five
species.
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INTRODUCTION
South Africa exports citrus fruit to the U.S.A.,
South Korea and China (Anon. 2005a,b,c). The
export programme relies on pre-shipping inspec-
tions by inspectors from both South Africa and the
importing country. The export protocols list a
number of mealybugs (Hemiptera: Pseudococci-
dae) which have quarantine status in the various
countries. There are seven major mealybug
species of importance on citrus in South Africa
(Hattingh 1993; Hatting et al. 1998). These are
Planococcus citri (Risso), Nipaecoccus viridis (New-
stead), Paracoccus burnerae (Brain), Delottococcus
elisabethae (Brain), Pseudococcus longispinus
(Targioni-Tozzetti), Pseudococcus calceolariae
(Maskell) and Ferrisia virgata (Cockerell). All of
these species, except Pl. citri, are quarantine pests
for South Korea (Anon. 2005b). Delottococcus
elisabethae, N. viridis and Pa. burnerae are quaran-
tine pests for the U.S.A. (Anon. 2005c). Paracoccus
burnerae is a quarantine pest for China (Anon.
2005a). In addition to the species listed above,
Pseudococcus viburni (Signoret) is often found on cit-
rus. Although it is not of phytosanitary importance
on citrus, it is of importance for the export of Per-
simmon to Israel and deciduous fruit to the U.S.A.
(E. Venter, pers. comm.; Anon. 2007).
If mealybugs are found on a consignment due
for export, they must be accurately identified to
species level. If this cannot be done with certainty,
the entire consignment must be destroyed, re-
routed or sold locally with significant economic
implications. The identification is the task of the
Diagnostic Laboratory (Department of Agriculture,
Forestry and Fisheries (DAFF), Directorate Plant
Health) in Stellenbosch, South Africa. Adult female
mealybugs can be identified using morphological
keys (Williams & Granara de Willink 1992; Millar
2002). Keys are available for identification of nymphs
of certain mealybug species (Gullan 2000; Wakgari
& Giliomee 2004; Wakgari & Giliomee 2005). How-
ever, these keys do not cover all mealybugs of
importance on citrus, and hence are inadequate
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for our purposes. High levels of rejection occur
because of the number of unidentified crawlers
and eggs found on consignments, thereby seri-
ously jeopardizing the viability of citrus export
programmes.
In the absence of relevant morphological identi-
fication keys for immature specimens, molecular
approaches are often adopted. Such molecular
tools are routinely used by countries such as
Australia, the U.S.A. and New Zealand for the
identification of eggs and nymphal or larval stages
of various species (for example, see Armstrong &
Ball 2005). Molecular identification techniques for
mealybugs have been developed by Beuning et al.
(1999), Demontis et al. (2007) and Saccaggi et al.
(2008). Beuning et al. (1999) employed differential
amplification of the ITS region to identify four
mealybug species; Demontis et al. (2007) used both
RAPDS and multiplex PCR of the COI region to
identify two mealybug species; and Saccaggi et al.
(2008) developed a multiplex PCR (also amplifying
the COI region) to identify three mealybug
species. However, none of these studies cover all
the mealybug species of importance to citrus, and
are therefore of limited use to the citrus industry.
A molecular technique to specifically identify
the seven most important mealybugs found on
citrus in South Africa was developed and patented
by Citrus Research International (CRI) (V. Hattingh,
pers. comm.). This technique, which targets the
ITS region, was made available to DAFF. Mealybug
species are identified through PCR amplification
under exact temperature and primer combination
regimes (see Beuning et al. 1999 for a similar
approach). Using the CRI technique, the identifi-
cation of any specific species involves three differ-
ent annealing temperatures with seven differ-
ent primer combinations. Given this laborious
approach currently in place at the Department,
the aim of this paper is to develop a reliable and
user-friendly approach to identifying the mealy-
bug species needed in the citrus export market.
MATERIAL AND METHODS
Mealybugs
A field survey was undertaken in the Citrusdal
area of the Western Cape of South Africa (32°36’0”S
19°01’0”E) to collect live specimens of all eight
mealybug species that are of importance to the
citrus industry (Pl. citri, N. viridis, Pa. burnerae,
D. elisabethae, Ps. longispinus, Ps. calceolariae, F. virgata
and Ps. viburni). After extensive sampling, our sur-
veys failed to produce specimens of D. elisabethae,
N. viridis and F. virgata. Hence only live mealybugs
of the remaining five species (Pl. citri (n = 8), Pa.
burnerae (n = 7), Ps. longispinus (n = 5), Ps. calceo-
lariae (n = 6) and Ps. viburni (n = 7) were sequenced
in this study. In addition to the specimens col-
lected by us, comparable sequence data were
downloaded from GenBank. These were Pl. citri
(DQ238221, EU267198, EU250572, EU250548,
EU250563, EU250552, EU250562, EU250568,
EU250571, EU250569), Ps. longispinus (DQ238222),
F. virgata (EU267204, EU267205) and Anisococcus
adenostomae (AY179450), the latter included as an
outgroup. Although additional COI sequences are
available for several of the species (e.g. F. virgata,
Pl. citri and Ps. longispinus), these are of reduced
length (<400 bp) and therefore are not included
here. All specimens used in this study are included
in Table 1.
Morphological identification
The mealybug cuticles were retained from the
DNA extraction buffer (see below). After removal
from the extraction reaction they were placed in
distilled water. Mealybug slides were prepared
using a method similar to those published previ-
ously (Williams & Granara de Willink 1992). The
mealybugs were heated gently in a 10 % KOH
solution until they were clear (about two hours).
The specimens were then transferred to distilled
water and left to soak for at least an hour, after
which they were dehydrated gradually by soaking
in baths of 30 %, 50 %, 75 % and 100 % ethanol,
respectively, and left overnight in the 100 % ethanol
bath. They were then stained using the method of
Williams & Granara de Willink (1992), cleared in
dehydrated clove oil and mounted in Euparal
mounting medium (BioQuip Products, Inc.). The
slides were identified using published keys
(Williams & Granara de Willink 1992; Millar 2002)
and sent to the National Collection of Insects of the
Agricultural Research Council (ARC) in Pretoria,
where identifications were confirmed by Ian
Millar.
Molecular characterization
The general approach followed by us was based
on accepted barcoding principles (detailed
barcoding protocols have been developed by the
Barcoding of Life (BoL) Initiative and are avail-
able for download from www.barcoding.si.edu).
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Although the standard region for DNA barcoding is
the 5’ side of the COI gene (Hebert et al. 2003;
Hebert & Gregory 2005) using the ‘Folmer primers’
(Folmer et al. 1994), the 3’ end has typically been
used for differentiating species of mealybugs (see
Saccaggi et al. 2008; Gullan et al. 2003; Rung et al.
2008) and was similarly targeted in our study.
Single adult females were used in each DNA
extraction as these can reliably be identified using
morphological keys. However, it should be noted
that DNA can successfully be extracted from all life
stages including hatched and unhatched eggs.
Mealybugs were not crushed, and samples were
handled gently so that the cuticle could be used for
morphological identification as voucher speci-
mens (see above). DNA extractions were per-
formed using the QIAmp® DNA Micro Kit (Qiagen
GmbH, Hilden, Germany) according to the manu-
facturer’s protocol, except that only a one-hour
lysis period was used. Extracted DNA concentra-
tions were measured using a NanoDrop® ND-
1000 Spectrophotometer (NanoDrop Technol-
ogies, Inc.). One nanogram of DNA was used in
subsequent PCR amplifications.
PCR products of ~830 bp in length were
amplified for the COI gene using primers
C1-J-2183 (aka Jerry) and TL2-N-3014 (aka Pat) (Si-
mon et al. 1994). PuReTaq™ PCR beads (GE
Healthcare) were used in all reactions. Thermo-
cycling conditions consisted of denaturation at
95 °C for 1 minute, followed by 35 cycles of 95 °C for
45 seconds, 50 °C for 45 seconds and 72 °C for
1 minute; with a final extension at 72 °C for 3 min-
utes. The PCR product was visualized on a 1.2 %
agarose gel and purified using either the same kit
used for DNA extraction (QIAmp® DNA Micro
Kit) or the Wizard® Genomic DNA Purification Kit
(Promega Corporation). Purified products were
sequenced using BigDye® chemistry (Applied
Biosystems). Unique haplotypes for all mealybug
sequences generated in this study were deposited
in GenBank (accession numbers FJ786962–FJ786966)
(Table 1).
The sequences were edited and aligned using
Clustal X (Thompson et al. 1997; Jeanmougin et al.
1998) and BioEdit (Hall 1999) and verified by eye.
A consensus sequence was constructed for each
individual mealybug by combining the forward
and reverse sequence. According to barcoding
protocols, DNA analyses are typically done using
a distance-based method as this is deemed suffi-
cient to determine species monophyly. The aim






















































































































































































































































































































































































































































































































































































































































































here is not to accurately reconstruct evolutionary
relationships, but rather to establish species
monophyly (see Hebert et al. 2003). We recon-
structed phylogenetic trees from Kimura-2-para-
meter corrected sequence distances using neigh-
bour-joining algorithms in PAUP* (Swofford 2000).
In addition, to verify our findings we also em-
ployed parsimony principles. Parsimony searches
were conducted using the heuristic search option
in PAUP*. Bootstrap support was obtained
through 1000 iterations.
RESULTS AND DISCUSSION
After nucleotides that could not be unambigu-
ously aligned at the start and end of sequences
were removed, the COI alignment totaled 749 bp.
Of these, 568 bp were conserved and 169 bp were
parsimony-informative. The base composition
was A = 0.36, T = 0.46, C = 0.10 and G = 0.08. The
transition/transversion ratio, including the out-
group taxon, was 0.411.
Uncorrected sequence divergences separating
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Fig. 1.Neighbour-joining tree showing relationships between mealybug species based on COI sequences.Bootstrap
support is indicated on the branches. Where applicable, sample size (n) is given in brackets.
species are given in Table 1. The divergences
between species varied between 6.8 % (Pl. ficus
and Pl. citri) and 12.7 % (Pl. ficus and Ps. viburni).
Within species, the majority of specimens were
characterized by a single haplotype with all indi-
viduals sharing identical sequences. The only
exception to this was Ps. longispinus (DQ238222;
Saccaggi et al. 2008) which differed from the
sequences generated by us by 0.26 % sequence
divergence (2 bp out of 749 bp). Pseudococcus citri
(DQ238221; Saccaggi et al. 2008) was characterized
by a small number of ambiguous base pairs, but all
of these could be resolved to be identical to the
sequences generated for this species in our study.
A neighbour-joining tree was built from Kimura-
2-parameter sequence distances. All species
formed well-defined monophyletic groups (as
also confirmed by parsimony analyses) supported
by 100 % bootstrap support (Fig. 1). GenBank
sequences clustered correctly with their respective
species confirming unequivocally that all species
included here are monophyletic.
For molecular techniques to be useful for species
identification, typically at least one of the follow-
ing criteria must be met: species should be recipro-
cally monophyletic (i.e. a species must contain all
member specimens to the exclusion of all other
species); and/or the 10× rule must apply where
sequence divergences separating species must be
an order of magnitude greater than those observed
within species (Hebert et al. 2004; but see Hickerson
et al. 2006). In our study, both these criteria are met
and the approach described herein can therefore
be used successfully to identify mealybugs of all
life stages found on citrus fruit destined for export.
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